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ABSTRACT
MEASUREMENTS OF GAS-PHASE AND PARTICLE-PHASE WATER-SOLUBLE
ORGANIC CARBON
By
Casey H. Anderson 
University o f New Hampshire, December, 2007 
The sources, sinks, and overall importance o f water-soluble organic carbon 
(WSOC) in the atmosphere are not well understood. To better address this lack of 
knowledge, measurements o f WSOC in both the gas (W SOCq) and particulate (WSOCp) 
phases were made using a newly developed technique during five research campaigns. 
Part 1 o f this thesis investigates atmospheric and fim-air WSOC related to the post- 
depositional processing of organic compounds within Arctic snow during a research 
campaign at Summit, Greenland. Part 2 o f this thesis highlights the discovery that at all 
locations where data were collected, WSOCq concentrations are significantly larger than 
those of WSOCp.
The research campaign at Summit, Greenland, focused on understanding the 
processes that affect organic compounds deposited to the ice sheet. Photochemistry 
within surface snow is known to alter the composition and concentration o f organic 
compounds that ultimately are sequestered in glacial ice. Experiments have been 
performed to investigate the post-depositional transformation o f many individual 
compounds, including HCHO, CH3CHO, (CH3)2CO, CH3COOH, and HCOOH. Little is
vii
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known, however, about the effect of post-depositional processing on the overall 
concentration of organic compounds in the snow. To address this issue, the first direct, 
simultaneous measurements of WSOCg and WSOCp were made during the 2006 summer 
season at Summit, Greenland. In order to investigate the cycling of organic compounds 
between the air and snow, WSOCg and WSOCp were measured at four levels (-19, -7, 2, 
and 150 cm, where 0 cm refers to the snow surface) above and within the snow. From 
early June to early July, WSOCg and WSOCp concentrations at 150 cm above the snow 
averaged 667 ng C m '3 and 194 ng C m '3, respectively. Concentrations of WSOCg within 
the snow were nearly an order o f magnitude greater than those measured above the snow, 
suggesting that the snowpack may be a source of WSOCg to the atmospheric boundary 
layer. Additionally, measurements at 150 cm above the snow on four out of five 
consecutive nights during one specific period showed concurrent decreases in WSOCg 
and increases in WSOCp. This behavior may result from temperature-dependent gas-to- 
particle partitioning, as these episodes occurred during the coldest part of the early 
morning.
A clear and consistent result from all five research campaigns is that WSOCg 
concentrations are significantly larger than those of WSOCp. The average values o f the 
fractions o f WSOCg compared to the total WSOC (fg) for the five campaigns ranged 
from 0.64 to 0.93. This variation in fg implies that significant differences in WSOC 
phase partitioning exist between locations, despite the consistent predominance of 
WSOCq. During the two longest campaigns, in Houston, Texas, and Summit, Greenland, 
a similar, repeatable diurnal pattern was observed with minimum values for fg occurring 
at night. This behavior is attributed, at least in part, to temperature related gas-to-particle
viii
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partitioning. These trends suggest that the measured WSOCq and WSOCp are related 
and potentially comprised of similar groups o f organic species, at least at certain times. 
This finding and observed fg values greater than 0.5 indicate that a large amount of 
organic material that participates in aerosol processes is not taken into account by aerosol 
measurements alone.
ix
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INTRODUCTION
Trace organic carbon (OC) compounds in the atmosphere are diverse. These 
compounds are emitted to the atmosphere by a wide variety o f processes, both natural 
and anthropogenic, in both the gas and particle phases. Those species emitted directly to 
the atmosphere are known as primary; those species that are formed chemically in the 
atmosphere from primary species are known as secondary (Kanakidou et al., 2005). 
Particle-phase compounds in the atmosphere, referred to as aerosols, are known to play 
an important role in the Earth’s climate system. The direct effect of aerosols on climate 
refers to their interaction with radiation. Some aerosols, such as sulfate, scatter incident 
solar radiation back to space, reducing the amount o f radiation that reaches the surface of 
the Earth (Charlson et al., 1992). Other aerosols, such as black carbon, absorb outgoing 
longwave planetary radiation, warming the Earth by acting in a manner similar to a 
greenhouse gas (Jacobson, 2001). Organic aerosol is thought mostly to scatter solar 
radiation (Intergovernmental Panel on Climate Change (IPCC), 2001).
In addition to this direct effect, aerosols influence climate indirectly. Larger 
aerosol concentrations increase the number density of smaller water droplets within 
clouds, leading to an increase in cloud lifetime. The net effect is the creation o f brighter, 
longer lasting clouds that reflect a larger fraction o f incident solar radiation (Jacobson et 
al., 2000). The potential for individual aerosols to influence cloud radiative properties in 
this manner depends on the water-solubility of the aerosol. The greater the solubility, the 
more likely the aerosol will act as a cloud condensation nuclei (CCN) and form cloud 
droplets, which is true for both inorganic and organic aerosol materials. Because there
1
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are hundreds to thousands of different organic compounds in the atmosphere, 
understanding the overall influence of OC on cloud processes is difficult. The 
concentration o f water soluble OC (WSOC) relative to that of total OC is not well 
constrained globally. Recent studies show solubility to be highly variable, with the 
WSOC aerosol (WSOCp) constituting between 20 and 80% of the total OC aerosol mass 
(Saxena and Hildemann, 1996; Jaffrezo et al., 2005; Sullivan and Weber, 2006; Kondo et 
al., 2007). Gas-phase WSOC (WSOCg) also likely affects cloud processes. WSOCg can 
enter cloud droplets, or other aerosols containing liquid water, where they can affect 
acidity, surface tension, and the ability of the aerosol to act as CCN (Facchini et al., 1999; 
Limbeck et al., 2003). In addition, some water-soluble compounds, such as carboxylic 
acids, are semi-volatile and can partition between the aerosol and gas phases (Chebbi and 
Carlier, 1996). In order to understand the total effect of organic compounds on the 
Earth’s climate, all of these factors, processes, and OC characteristics need to be 
considered.
Despite the importance of WSOC, little is known about its atmospheric burden. 
In an effort to understand the formation, removal, concentration, and phase partitioning 
of WSOC, a new method that allows real-time measurement o f both WSOCg and 
WSOCp in mist chambers was developed. Additionally, the mist chamber measurements 
o f WSOCg represent the first comprehensive measurement of gas-phase organic 
compounds that are soluble in water. These measurements offer valuable insight into the 
processes that influence OC aerosol concentrations.
During 2005 and 2006, measurements o f WSOCq and WSOCp were made during 
five research campaigns at a variety of locations. While each campaign featured a
2
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slightly different research focus, the broad goal of each was to characterize WSOC 
concentrations in the given environment: remote Arctic (Summit, Greenland), remote 
alpine (Niwot Ridge, Colorado), urban (Houston, Texas), urban influenced (Thompson 
Farm, New Hampshire), and urban influenced marine (Appledore Island, Maine). Part 1 
of this thesis presents an in-depth analysis o f the data generated at Summit, Greenland. 
Part 2 of this thesis highlights the predominance o f WSOCg relative to WSOCp at all 
field sites.
3
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PART 1
ATMOSPHERIC WATER-SOLUBLE ORGANIC CARBON MEASUREMENTS AT
SUMMIT, GREENLAND
4
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CHAPTER 1
INTRODUCTION
Analysis of organic species in ice cores has been used to infer past atmospheric 
concentrations of organic compounds and the abundance and type o f vegetation on the 
planet at the time o f deposition (Grannas et al., 2004). With the recognition of active 
photochemistry that occurs within snow (Sumner and Shepson, 1999), an interpretation 
of organic compounds in glacial ice becomes less straightforward (Domine and Shepson, 
2002). The post-depositional photochemical processes that modify organics within the 
Arctic snowpack need to be understood to derive an accurate record of their past 
atmospheric concentrations from their records in snow pits and ice cores.
Many types o f organic compounds have been found to exist in the Arctic 
snowpack and to participate actively in snow photochemistry. Alkenes (Swanson et. al., 
2002), aldehydes (Hutterli et al., 1999; Guimbaud et al., 2002), and organic acids (Dibb 
and Arsenault, 2002) all have been found at elevated levels in snowpack interstitial air. 
In addition, significant amounts of humic-like substances have been identified in the 
snow itself (Grannas et al., 2006). The photo-oxidation o f these high molecular weight 
compounds is thought to be a source for organic compounds found in snowpack 
interstitial air (Grannas et al., 2004).
Recent experiments showed that the air above and within the Arctic snowpack 
also contains high concentrations of reactive compounds such as OH and H2O2 (Dibb et
5
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al., 2002; Chu and Anastasio, 2005; Anastasio et al., 2007; Sjostedt et al., 2007). These 
species and direct photolysis in the upper snow layers likely are responsible for the 
oxidation of organic compounds that have been deposited to the snow (Sumner and 
Shepson, 1999; Grannas et al., 2004). Many o f the oxidation products may be more 
volatile than their precursors, leading to their release to the atmosphere. Hagler et al. 
(2007) found concentrations of particulate organic carbon in surface snow to be much 
greater than those in shallow snow pits, suggesting that the snowpack loses a significant 
fraction of the carbon mass originally deposited.
In order to characterize the organic compounds in the atmosphere above the 
Greenland snowpack, measurements o f the total water soluble organic carbon (WSOC) 
concentrations in the air and surface snow were made for the first time at Summit during 
the summer of 2006. A newly designed system that allows for real-time sampling of both 
gas-phase and aerosol-phase compounds was used.
6
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CHAPTER 2
METHODS
The research station at Summit is situated atop 3053 meters o f glacial ice, at 12°  
N latitude, and approximately 300 km from the nearest point o f land. The sampling site 
at Summit was located approximately one kilometer upwind/southwest of the main camp 
to minimize camp influence on air and snow measurements of organic compounds.
Gas-phase (WSOCq) and particulate (WSOCp) WSOC were collected in mist 
chambers. A schematic of the measurement system is shown in Figure 2.1. Samples 
were collected from two inlets simultaneously. The mist induced by the sample air flow 
in the mist chamber efficiently collects water-soluble compounds in a small amount of 
ultrapure water (Keene et al., 1989; Talbot et al., 1990). At Summit, mist chambers were 
initially filled with 37 ml of deionized water. In order to keep the water from freezing in 
the mist chambers, both the inlets and the mist chambers were heated. Pipe heaters, 
controlled with a potentiometer and set to low, were used to warm the sample air pulled 
through the inlets. Heating tape was used on the mist chambers, with 25° C used as the 
thermocouple set point. Due to the very low relative humidity o f the air stream being 
sampled in the mist chamber, significant amounts o f water in the mist chamber 
evaporated during the one-hour sample interval. Final water volumes ranged between 15 
and 25 ml.
7
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
Out to Vacuum  Pump  
<=>
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C: Carbon Monolith Denuder
Syringe 








Out to W aste
Figure 2.1 Schematic of the mist chamber WSOC system: Mist chambers collect 
water-soluble compounds in ultra-pure water. Syringe pumps (Kloehn Co. LTD, Las 
Vegas, NV) remove the samples from the mist chambers and load two sample loops. 
These loops are then analyzed individually by a Sievers 800 TOC Analyzer.
The air flow rates through the mist chambers were set by mass flow controllers
(MKS Instruments, Inc., Wilmington, MA). Due to the elevation, the air flow
constriction in the mist chambers, and the eight meter sample inlets, the actual flow rate
during sampling was often less than the mass flow controller set point o f 15 standard 1pm.
The flow rate varied between days and on occasion was as low as 13 standard 1pm. The
8
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flow rate was recorded at three second intervals by a computer, allowing an accurate air 
sample volume to be calculated.
After collection, samples were removed automatically from the mist chambers 
and loaded into six ml sample loops using syringe pumps (Kloehn, Ltd., Las Vegas, NV). 
During the collection o f the next mist chamber sample, the previous samples were 
analyzed with a Sievers 800 Total Organic Carbon (TOC) Analyzer (General Electric, 
Boulder, CO). The Sievers 800 measures organic carbon content by subtracting the 
measured carbon content of two channels: a total carbon channel and an inorganic carbon 
channel. In the total carbon channel, all organic carbon is transformed into carbon 
dioxide with ammonium persulfate and ultraviolet light. In the inorganic carbon channel, 
the sample remains unaltered. Carbon dioxide in both channels diffuses through a 
semipermeable membrane into a closed loop flow of deionized water. The conductivity 
o f this water is measured constantly. Changes in conductivity correspond to the carbon 
content in each channel. When run in turbo mode, the Sievers 800 produced a 
measurement approximately every 3 seconds. The Sievers 800 operated at a flow rate of 
nearly 1 ml m in'1. Each mist chamber sample was analyzed individually for 10 minutes 
to ensure complete flushing of the sample loops. Once both samples were analyzed, the 
remaining 40 minutes were used to flush all lines with deionized water and establish 
blank values for the Sievers 800.
Measurement o f WSOCg and WSOCp was achieved by manipulating the inlet 
configuration. WSOCg was collected through a filtered inlet. Zefluor® 2pm-Teflon® 
filters (Pall Life Sciences, East Hills, NY) were used to minimize artifacts from both 
volatilization and blowoff (positive artifact) and adsorption o f gases (negative artifact)
9
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(Turpin et al., 2000). Two methods were used to measure WSOCp. The denuder method, 
in which an activated carbon denuder was used to remove WSOCq, allowed for the direct 
measurement o f WSOCp. The monolith activated carbon denuder (MAST Carbon, 
Plymouth, UK) used consisted of a single cylindrical piece o f carbon 3 centimeters in 
diameter and 15 centimeters long, with 50 1-mm diameter holes running longitudinally. 
The difference method, in which WSOCp was calculated as the difference between 
sample concentrations collected through an unfiltered inlet and a filtered inlet, provided 
an indirect measurement.
To assess denuder performance, denuder “blank” samples were collected with 
filters placed both upstream and downstream of the denuder on the end o f the sampling 
inlet. The upstream filter removed ambient aerosols, and the downstream filter removed 
any aerosols that broke through the first filter or were generated in the sample stream 
after the first filter. In theory, the only organic compounds that entered the mist chamber 
and were analyzed under this configuration were gases that were not removed by the 
denuder. This gas breakthrough was compared with ambient gas concentrations to assess 
the efficiency with which the denuder removed WSOCq. Denuder efficiency was defined 
as the percentage of WSOCg removed by the denuder.
Denuder efficiency values varied widely between locations and at a single 
location (Table 2.1). Further analysis of denuder blank samples did not reveal any 
correlation between denuder efficiency and WSOCq concentration, indicating that the 
variation in efficiency was related to the speciation o f the sampled organic gases rather 
than their overall concentration. Clearly, variability in denuder efficiency introduced a 
significant uncertainty in the calculation o f WSOCp.
10
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Table 2.1 Denuder efficiencies for laboratory tests and field sites: Denuder
efficiency is defined as the percentage of WSOCq removed by the activated carbon 
denuder. WSOCq value is the average for denuder blank samples only.
Mean denuder efficiency ± sd Range Samples Mean WSOCG concentration
Location % % # ng C m'3
Lab HAc + HFo a 96.67 ± 3.05 89.5 - 99.5 30 20100
Lab am bienta 76.1 ±6.9 65.8-93.1 24 100100
Thompson Farm, New Hampshire 43.3 ± 32.3 1.7 -86 .5 16 10380
Appledore Island, Maine 80.59 ± 10.25 57.1 - 92.1 45 17800
Niwot Ridge, Colorado -4.43 ± 26.42 -32 .8-19 .3 3 660
Houston, Texas 79.76 ± 10.31 59.9 - 94.9 22 4220
a Laboratory tests were conducted at the University o f New Hampshire, and consisted of 
repeated sets of ambient indoor air samples collected behind a monolith denuder. To 
maintain optimum performance during all denuder experiments, the monolith was 
regenerated after every 24 hours o f sampling. This process involved heating the monolith 
either in an oven or by flowing hot air from a heat gun through an aluminum tube 
containing the monolith. Laboratory tests where regeneration temperature and baking 
time were varied resulted in no consistent detectable change in denuder efficiency despite 
the variety in regeneration techniques.
Due to the uncertainties associated with the denuder method, the difference 
method was used during the primary 22-day sampling period at Summit (June 13 - July 
4). During the two weeks prior to this period, tests and calibrations were conducted to 
optimize the WSOC system. WSOCg measurements were made at four heights within 
and above the snow. WSOCq samples were collected at 150 cm above the snow on all 22 
days of the primary sampling period. On 16 o f these days, the second inlet sampled total 
WSOC. This allowed for the calculation o f WSOCp by difference on these days. On 
four of the 22 days, the second inlet was also sampling WSOCg but was placed at a 
height o f 2 cm above the snow. This allowed for the measurement o f the WSOCg 
gradient between 2 and 150 cm. During the remaining two days of the primary sampling 
period, fim air was sampled with the second inlet. To sample the fim air, a specially 
designed cylindrical probe that allowed for the sampling o f air at the bottom of the hole 
in the snow in which the probe was placed was used (Perron et al., 2004). Fim air was
11
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
sampled for one day at each of two depths, 7 and 19 cm. Denuder tests were performed 
on six days after the primary sampling period.
The Sievers 800 TOC Analyzer was calibrated at Summit prior to collecting 
samples. Potassium biphthalate standards within the range o f expected values were 
mixed onsite and found to agree with preseason calibrations in our laboratory to within 
6 %. The TOC concentration of the deionized water used in the mist chambers to collect 
samples was monitored regularly between the analysis of each pair o f samples to provide 
WSOC blank values. Blank values from before and after an individual sample were 
averaged and then subtracted from the signal. A detection limit o f 50 ng C m' for 
measured values was defined based upon two times the average standard deviation in the 
Sievers signal during the WSOC blank periods.
In order to assess WSOC measurement uncertainty, samples were collected with 
both inlets side by side at 150 cm above the snow, configured in the same manner. At 
Summit, 94 such null gradient sample pairs were collected. O f these, 50 were collected 
with both inlets open, collecting total WSOC. The other 44 null gradient pairs had both 
inlets filtered, collecting WSOCg- Over the course of the 2 2  day sampling period, there 
was no systematic difference between WSOCg or total WSOC null gradient samples; 
therefore, both types of samples were used in the data analysis.
The null gradient tests indicated that two systematic sampling issues affected data 
collected at Summit. First, a positive inlet artifact was observed consistently when 
sampling behind a filter. The placement of a filter on the inlet caused an increase in 
signal relative to the other unchanged inlet. Second, a bias between channels was 
discovered, with the signal from mist chamber 1 an average o f nine percent higher than
12
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that from mist chamber 2 .
The inlet artifact was quantified by analyzing the change in signal that occurred at 
the start and end o f a null gradient set. The relative change in signal when a filter was 
either added or removed was defined as the measured inlet factor. This value represents 
the sum of the inlet artifact (defined as positive) and the effect o f excluding aerosols by 
sampling through a filter (defined as negative). Due to these competing influences, the 
average measured inlet factor was small. For the entire campaign, 8 8  measurements of 
the inlet factor were made, with an average value of 18 ng C m' and a standard deviation 
o f 131 ng C m' . The temporal trends in the calculated inlet factor showed that periods 
with low aerosol concentrations often coincided with large, positive inlet factor values. 
To isolate the positive inlet artifact from the effect o f excluding aerosol on the inlet
t l ifactor, the 90 percentile o f the measured inlet factor was used. This value o f 160 ng C 
m ' 3 was subtracted from all samples collected behind a filter.
The increase in signal associated with filter samples was determined to result 
from the off-gassing of organic compounds from the inlet walls due to the pressure drop 
induced by the inlet filter. This theory was tested in two ways. First, inlet filters were 
pre-rinsed with deionized water and used. The condition of the inlet filter did not have 
any consistent effect upon the inlet factor; therefore, the filter was not considered as the 
source for the artifact. The second test involved collecting samples behind two inlet 
filters in series. These samples showed an increase in signal significantly greater than the 
inlet factor measured behind one filter. Therefore, it was determined that the artifact was 
coming from the eight meter length of copper tubing used for each inlet. It is postulated 
that some residue from the extrusion process remained on the copper tubing used for the
13
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inlet. Very small amounts of this material were coming off the inlet and were only 
noticed due to the very low ambient WSOC levels at Summit.
The measurement bias between the two channels indicated by the null gradient 
samples was assumed to be due to the different efficiencies with which the mist chambers 
collect water-soluble compounds rather than systematic contamination in one sample 
line. Because mist chamber collection efficiencies can not be greater than 100%, the 
values from the channel with the lower signal during the null gradient tests were adjusted 
upward. Two or three sets o f two to four null gradient samples each were collected every 
day. The average null gradient ratio for channel 1 to channel 2 for the entire sampling 
period was 1.09. To correct measured values for the bias, however, the average o f only 
the two nearest null gradient sets were used.
The standard deviation o f the null gradient ratio was used as the uncertainty in the 
bias adjustment o f the signal from channel 2. This value was calculated for each pair of 
null gradient sets used to adjust the channel 2  signal, and for the campaign, had a range 
between 0.02 and 0.2. The uncertainty in the bias adjustment was combined with the 6 % 
measured accuracy for the Sievers 800 TOC analyzer to yield the total uncertainty for 
values calculated as the difference between the two measurement channels. This value 
depended on the magnitude of the measured signal from the two channels. For the 
campaign, the uncertainty averaged 98 ng C m' . Of the 206 measurements of WSOCp, 
147 were above this uncertainty and deemed significant. While this measure of 
uncertainty specifically applied only to values calculated as the difference between inlets, 
there was no straightforward means to calculate how much of the uncertainty was derived 
from each channel. Therefore, this uncertainty was also applied to all directly measured
14
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values as a conservative estimate of the total system uncertainty.
Values for WSOCp using the difference method were calculated as total WSOC 
minus measured WSOCq. By taking the difference of two numbers, some periods with 
low aerosol concentrations resulted in a negative calculated mass for WSOCp. While 
these values are aphysical, they were based on real measured concentrations o f WSOC. 
The uncertainty in these two measurements caused the negative numbers. The observed 
temporal changes in WSOCp were slow and do not appear to be noise. Furthermore, the 
temporal patterns were repeatable, irrespective of the magnitude o f the calculated mass. 
This suggests that negative WSOCp values were not simply random noise. Therefore, 
they were included in figures and data analysis.
In addition to atmospheric measurements, surface-snow WSOC samples 
(WSOCss) were collected regularly throughout the campaign, usually four times per day 
but twice a day for a few short periods. Most samples included several replicates. 
WSOCss content in filtered, melted snow samples was measured using a Sievers 900 
TOC Analyzer (General Electric, Boulder, CO) and had a calculated measurement 
uncertainty of 29.1 ppb (Hagler et al., 2007).
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CHAPTER 3
RESULTS
Time series o f WSOCg and WSOCp are shown in Figure 3.1. High 
concentrations of both WSOCq and WSOCp were measured during a biomass burning 
transport event on June 13 and 14 (Hagler et al., 2007). The period between June 24 and 
June 29 also featured high concentrations of WSOCg and WSOCp and is discussed in 
detail later. The average concentrations of both WSOCg and WSOCp measured at 
Summit (Table 3.1) were significantly lower than have been found at other locations in 
more temperate regions. Field experiments using the same mist chamber method found 
average concentrations to be almost an order o f magnitude higher at Thompson Farm, 
New Hampshire, Appledore Island, Maine, and Houston, Texas. Measured WSOCg / 
WSOCp concentrations at these sites were 12.2 pg C m ' 3 / 2.3 pg C m'3, 17.8 pg C m ' 3 /
1.4 pg C m '3, and 9.3 pg C m ' 3 / 1.5 pg C m ' 3 respectively (Anderson et al., 2007). 
Aerosol WSOC measured by a particle-into-liquid sampler (PILS) coupled to a Sievers 
800 TOC analyzer during an aircraft mission over the northeastern United States found 
concentrations o f a similar magnitude. Average plume aerosol WSOC concentrations 
ranged between 0.9 pg C m ' in a background plume and 14.5 pg C m in a biomass 
burning plume (Sullivan et al., 2006).
16




” E  800  
O
g 1 600  
4 0 0  
200 
0
6 /1 3  6 /1 6  6 /19  6 /2 2  6 /2 5  6 /2 8
UTC
Figure 3.1 Time series of WSOCG and WSOCP.
Table 3.1 Summary of mean, standard deviation, and range of measurements from 
campaigns at Summit:
Location Season / Year Sample type
Height relative 
to snow surface




Summit Summer 2006 WSOCG 150 cm 667 ± 232 99-1316
WSOCp 150 cm 194± 171 -75-811
WSOCG 2 cm 730 ± 272 280-1427
WSOCq - 7 cm 7593 ±25834864-11870
WSOCq -1 9  cm 6869 ± 535 6063 - 7707
Summit Summer 2000 a HFo+HAc 85 cm 723 91 -2411
Summit Summer 1995 a HFo+HAc 150 cm 956
Summit Summer 1994 a HFo+HAc 150 cm 799
Summit Summer 1993 a HFo+HAc 1355 262-3170
a Data from previous summers at Summit represent the sum of measured gas-phase 
formic (HFo) and acetic (HAc) acid data from Dibb and Arsenault (2002).
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WSOC concentrations at Summit are, however, within the range measured using 
the mist chamber method at Niwot Ridge, Colorado in January 2006. Niwot Ridge is 
located at 4000 meters in the Rocky Mountains. The two week campaign was dominated 
by strong westerly flow that features descending air from the free troposphere to the 
sampling site (Greenland, 1989). During the campaign, average WSOCg and WSOCp 
concentrations were 0.43 pg C m' and 0.24 pg C m ' , respectively, similar to the values 
measured at Summit (Anderson et al., 2007).
On average, during the Summit campaign, there was a weak diel cycle in WSOCg 
but not WSOCp. For WSOCg, the difference between the average daily maximum and 
the average daily minimum was 100 ng C m'3. Several periods, however, exhibited a 
pronounced diel cycle with a daily range greater than 500 ng C m’3. In both the overall 
average, and on the days with a strong diel cycle, the daily maximum value occurred at 
approximately 3 PM local time (UTC+2 hours), and the daily minimum occurred at 
approximately 7 AM local time.
Fim air concentrations o f WSOCq were almost an order o f magnitude higher than 
in the air just above the snow (Table 3.1). The WSOC concentrations in fim air are 
consistent with elevated fim concentrations o f formaldehyde, HONO, NOx, HCOOH and 
CH3OOH measured previously at Summit (Honrath et al., 1999; Dibb and Arsenault, 
2002; Dibb et al., 2002). Very high levels of these compounds were found within the 
fim, suggesting that the snowpack was the source of enhanced concentrations measured 
above the snow. Flux studies have confirmed that snowpack emissions are a significant 
source of NOx and formaldehyde above the snow at Summit (Hutterli et al., 1999; 
Honrath et al., 2002), suggesting the same may be true for WSOC.
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A snowpack source for WSOCq is also supported by the measurements made at 2  
and 150 cm above the snow (Figure 3.2). Out o f the 77 paired 2- and 150-cm samples 
collected, 44 had differences between the heights that are within uncertainty of zero. Of 
the remaining 33 samples, 73% show a significant decrease in WSOCg concentration 
with height (positive gradient). The average WSOCg gradient measured during these 33
■j t
samples was 78 ng C m' m' . As previously stated, data collected on June 14 reflects 
conditions during the tail end of a transport event. Because gradient samples were only 
collected on four days and the WSOC concentrations during the transport event were not 
significantly higher than those during some other days in the campaign, June 14 was 
retained in the data analysis. Plotted together, measurements from the four days in Figure 
3.2 suggest that most of the time a gradient supported a flux o f WSOCg out o f the snow. 
Out of the 77 samples collected, 24 show a significant positive gradient with an average 
magnitude o f 139 ng C m ' 3 m '1. Nine samples, however, show a significant negative 
gradient with an average magnitude of -85 ng C m ‘3 m '1. These nine samples collected 
on the mornings of June 16 and 17, as well as the overall variability in the data, suggest 
that at times there may also be WSOCg deposition to the snow.
19














0:00:00 3 :00:00  6:00:00 9 :00:00 12:00:00 15:00:00 18:00:00 21:00:00  0:00:00
UTC
Figure 3.2 WSOCg gradient between 2 and 150 cm on four separate days plotted 
against time of day: The WSOCg gradient is calculated as (WSOCg at 2  cm -  WSOCg 
at 150 cm)/l .48 m. Dotted lines are used to segregate values within uncertainty of zero 
(between the dotted lines). The magnitude of the uncertainty varies due to sample-to- 
sample differences in the value of the WSOC blank.
Multi-day filter samples were also collected at Summit during 2006 and provide a 
means for comparing mist chamber WSOCp measurements to a more commonly used 
WSOC measurement technique. The filter samples were sector controlled to prevent any 
influence from camp. After sample collection, the quartz filters were extracted by 
sonication, and the WSOC was analyzed with a Sievers 900 (Hagler et al., 2007). A 
comparison between mist chamber-derived WSOCp and filter-derived WSOCp is shown 
in Figure 3.3. The trends in the two datasets are very similar, but mist chamber WSOCp 
concentrations are higher than the filter derived values. A direct comparison o f the 
concentrations derived from the two methods is difficult due to the operationally defined 
character o f the WSOCp measurements from each technique and the discontinuous nature 
o f the mist chamber data. Daily null gradient tests and periods when the WSOCg 
gradient was measured lead to unavailability o f WSOCp data for varying lengths of time.
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Only two o f the filter sample periods have an overlap in data coverage greater than 6 6 %. 
For these two periods during which a comparison was most feasible, concentrations from 
the two methods agree within a factor of 1.7. For the period of June 22-26, the filter 
concentration was 90 ng C m ' 3 while the average mist chamber WSOCp value was 145 ng 
C m . For the period o f June 26-29, the filter concentration was 30 ng C m' and the 
average mist chamber WSOCp concentration was 51 ng C m '3.
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Figure 3.3 WSOCp extracted from filters and WSOCp from mist chambers.
Most of the time, 150-cm WSOCq concentrations were several times higher than 
WSOCp concentrations. The ratio between the two was not constant, however, and the 
fraction of total WSOC that was in the gas phase (fg) was observed to change 
significantly from day to day. Concentrations in the two phases were nearly equal during 
a few episodes. A time series from one o f these periods is shown in Figure 3.4. During 
this period in late June, there was a diel cycle with the peak concentrations o f WSOCq 
occurring during the day and those o f WSOCp occurring at night. O f particular interest 
are the concurrent increases in WSOCp and decreases in WSOCg during several nights.
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Because o f this temporal correlation and the fact that the increase and decrease were of 
similar magnitude, it appeared that the WSOC may be partitioning from the gas phase to 
the aerosol phase. For the entire sampling period, the average fg value was 0.78. Figure
3.4 shows that fg dropped well below this average, down to 0.4 or less, during several 
early mornings. This change in gas-to-particle partitioning likely was related to 
temperature, as it occurred during the coldest hours of these six days.
22
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Figure 3.4 WSOCg, WSOCp, WSOCss, the fraction of total atmospheric WSOC in 
the gas phase (fg), 2 m air temperature, and observations of fog and snow during 
late June 2006: The weather observations include notes made by scientists collecting 
WSOC data as well as the official record made by Summit science technicians. Official 
weather observations at Summit were recorded three times daily at 0, 12, and 18 UTC, 
while notes made by the authors were generally more frequent but not necessarily made 
regularly or with the same detail.
Figure 3.4 also shows measured WSOCss and weather observations of snow and 
fog. Snow and fog are common occurrences at Summit in the summer and provide the 
two most important media for the wet deposition o f trace compounds to the snowpack 
(Bergin et al., 1995). Weather conditions during late June were important in determining
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the day-to-day evolution of WSOC concentrations in and above the snow. The generally 
cloudy conditions and intermittent snow that occurred during June 22, 23, and 24 likely 
inhibited photochemical activity during these days. Consequently, WSOCq variations 
and daily maxima were relatively small. During the day on June 25, the sky cleared. 
These conditions resulted in larger diel temperature cycles and WSOCq concentrations 
for the next several days. WSOCp, however, shows a different trend. The only 
significant peaks occurred during nighttime periods when WSOCg appeared to partition 
to the aerosol phase, again an indication of temperature-related partitioning controlling 
WSOCp concentrations.
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A comparison between atmospheric WSOC measurements, WSOCss data, and 
weather observations provide evidence for WSOC cycling between the air and snow. For 
example, on June 26 and 27, WSOCss levels were relatively large, as were those of 
WSOCg- However, the respective diel cycles o f these components were out o f phase. 
This was most evident on June 26, when WSOCq peaked in the afternoon while the 
WSOCss peaked in the early morning. Nighttime deposition of WSOC likely led to early 
morning peaks in WSOCss- During the day, the coincident decrease in WSOCss and 
increase in WSOCg implies a daytime release of WSOC from the snow to the air.
The anti-correlation between concentrations in the snow and air provides 
qualitative evidence for WSOC partitioning and deposition back to the snow surface. A 
more quantitative analysis of the WSOC mass balance is more difficult. For example, 
nighttime deposition of the measured WSOCg and WSOCp does not appear to be 
sufficient to explain the frequently observed 25 to 50 ppb changes in WSOCss 
concentration. For boundary layer deposition (dry or wet) to explain a 25 ppb nighttime 
increase in snow concentration, an average o f 1000 ng m ' 3 o f total WSOC is needed, 
assuming complete removal from a boundary layer 100 meters thick. Based on 
observations at Summit, these conditions are possible, but do not appear to be common.
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Total WSOC concentrations greater than or equal to 1000 ng m ' 3 occurred on about half 
of the days during the 2006 sampling period. A nighttime boundary layer 100 meters 
thick is less likely to occur, however. Strong, surface-based temperature inversions are 
common at Summit at night. Temperature gradients of up to 12°C in the lowest 50 m can 
occur, suppressing convective mixing in the lower atmosphere (Helmig et al., 2002). 
Thus while the measured decreases in WSOC could account for about half the observed 
increase in WSOCss, their discrepancy allows the possibility that another source may 
contribute to the observed behavior. Snowfall originating above the boundary layer, 
while difficult to characterize accurately, is one mechanism that may increase WSOCss 
concentrations.
Daytime decreases in WSOCss concentration are explained by a release of 
WSOCq to the atmosphere. If an average mixed layer height of 160 m is assumed (in the 
middle o f the 70-250 m range found by Helmig et al. (2002)), the 25 ppb loss from the 
snow corresponds to a 625 ng m ' 3 increase in WSOCg concentration. While this is on the 
high end o f observed 6  to 1 2  hour increases in WSOCg concentrations, it is within the 
WSOCg range commonly measured. Therefore, it is probable that observed daytime 
decreases in WSOCss contributed to increases in WSOCg concentrations over similar 
timescales.
The diel cycles in WSOCss were observed consistently throughout the summer 
and were found to be strongly correlated with wet deposition events (Hagler et al., 2007). 
Fog is the likely reason for the different WSOCp responses during the four nights in 
Figure 3.4 that show strong gas-to-particle partitioning. Gas and particle concentrations 
were roughly equal for several early morning hours on June 23 and 24, and for shorter
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periods on June 26 and 27. Early on June 26 and 27, the abrupt drop in WSOCp 
concentrations coincides with reports o f fog and significant increases in the WSOCss 
concentration. The incorporation of WSOCp into fog droplets increases deposition 
velocities, resulting in the rapid decreases in observed WSOCp. The effect o f snowfall on 
WSOC concentration is less clear, as discussed briefly above, because snow provides a 
means for the deposition of compounds transported from far away and higher altitudes.
During the period in Figure 3.4, WSOC partitioning had a strong relationship with 
air temperature. Data from the period with the highest correlation, June 22 to June 24, 
are shown in Figure 4.1. During these three days, temperature and fghave an R2 of 0.43.
‘j
For the six week sampling period as a whole, however, the R value for temperature and 
fg was 0.04. One possible cause for the temporal variability in the relationship between 
temperature and partitioning may be the range in weather conditions that occurred at 
Summit during the sampling period. Fog and snowfall can be responsible for enhanced 
deposition o f WSOC independent o f temperature. Changes in mixed layer depth and 
airmass source region can also affect WSOC concentrations without necessarily changing 
the air temperature.
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Figure 4.1 The fraction of the total WSOC in the gas-phase (fg) versus temperature:
The data shown is for June 22 -  24.
WSOC composition 
Comparison of the 2006 WSOCg measurements in this study and previous gas- 
phase measurements raise the probability that the majority of the WSOCq at Summit is 
comprised of only two compounds: HFo and HAc acid (Table 3.1). The sums o f the HFo 
and HAc mass concentrations from previous years were similar in magnitude to the 
average WSOCq concentration measured during 2006. The year-to-year variations in 
HFo and HAc are significant, with concentrations during the summer o f 1993 being more 
than 40% higher than average concentrations during other summers. Thus, HFo and HAc 
measurements made during previous summers can not be assumed to be representative of 
conditions during 2006. However, the average concentration o f WSOCg measured 
during the summer of 2006 is less than the four year summer HFo + HAc average o f 958 
ng C m' , indicating that HFo and HAc likely contribute a dominant fraction of the
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overall WSOC at Summit.
Laboratory tests performed during the WSOC instrument development phase 
provide more evidence that WSOCg at Summit consists primarily o f HFo and HAc. In 
laboratory tests with a HFo and HAc permeation oven as the WSOCg source, the 
activated carbon denuder worked very well, removing more than 95% of the organic 
gases (Table 2.1). When used for several days at the end of the Summit campaign, the 
denuder technique appeared to work very well (not shown). The similar denuder 
performances during the Summit campaign and laboratory permeation oven tests do not 
prove that the WSOCq at Summit was HFo and HAc, but the results are consistent with 
this conclusion and are unlike the results of other denuder tests performed at a variety of 
sites using the same instrument (Table 2.1).
The suggestion that a large percentage of the WSOC measured at Summit was 
derived from only two compounds is in contrast to many studies in which attempts are 
made to speciate WSOC (Decesari et al., 2006; Fisseha et al., 2006). Once emitted or 
formed, HFo and HAc have small reactivities and are removed primarily by deposition 
(Chebbi and Carlier, 1996). Given these physical loss mechanisms and the previous 
study of Dibb and Arsenault (2002) that found the Summit snowpack to be a source of 
HFo and HAc, the idea that they dominate WSOC mass at Summit is reasonable.
If it is assumed that HFo and HAc dominate WSOCg, it is possible to compare the 
gas-to-particle ratios shown in Figure 3.4 to measurements made by others at high 
latitudes. Fridlind et al. (2000) found that less than 10% of the total HFo and HAc mass 
resided in the aerosol phase at Sevettijarvi in northern Finland during a July campaign. 
In contrast, Li and Winchester (1989) found high concentrations o f aerosol phase HFo
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1and HAc at Barrow, Alaska, in winter. Their observed mean aerosol values of 244 ng m' 
for HFo and 744 ng m '3 for HAc are 1 to 2 orders of magnitude greater than other 
measurements in more temperate environments (Andreae et al., 1987; Talbot et al., 1988; 
Baboukas et al., 2000). Despite the wide range in measured values, both Fridlind et al. 
(2000) and Li and Winchester (1989) cite temperature-dependent volatility as a factor in 
the observed partitioning.
While large concentrations o f aerosol HFo and HAc at Summit are implied by the 
WSOCp data in Figure 3.4, the thermodynamic properties o f HFo and HAc do not 
support such large aerosol concentrations. The expected ratio of gas to aerosol 
concentrations using the environmental conditions at Summit was calculated using the 
absorptive partitioning theory of Pankow (1994):
S.-*"  (i)
P, RTM0
where G, is the gas-phase concentration o f specie i, P, is its particle-phase concentration, 
P °  is its sub-cooled liquid vapor pressure at temperature T, M  is the average molecular 
weight o f the absorbing organic aerosol mass, M0 is the organic aerosol mass 
concentration, and R is the ideal gas constant. In these calculations, a unit activity 
coefficient is assumed, the average molecular weight for HFo and HAc was used for M, 
WSOCp was used for M0, and vapor pressures were taken from Dean (1999).
The predicted gas-to-particle ratio was on the order of 100,000:1, rather than the 
observed value near 1:1. There are several possible explanations why the observations
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were not defined comprehensively by this simple gas-liquid partitioning calculation, 
including the formation of a solid or mixed-phase aerosol or the use o f vapor pressures 
that are inappropriate for conditions relevant to Summit.
Similarly discordant results were published by Fridland et al. (2000) who 
attempted to model measured HFo and HAc gas-aerosol partitioning. Henry’s law 
partitioning was not sufficient to explain their observations, and when dissociation and 
neutralization with ammonium was added to the model, HFo and HAc aerosol were still 
underpredicted by a factor o f six.
In addition to HFo and HAc, some fraction of the measured WSOC is likely 
formaldehyde. Emission from the snowpack results in relatively large formaldehyde 
concentrations near the surface at Summit. Hutterli et al. (1999) found formaldehyde 
concentrations to average 230 ppt at lm  above the snow during June 1996. Given the 
solubility o f formaldehyde in water and the efficient collection o f soluble compounds by 
mist chambers (Keene et al., 1989), it is likely that ambient formaldehyde at Summit 
contributed to the WSOC mass sampled. The mean concentration measured by Hutterli 
et al. (1999) represents a concentration of 123 ng C m '3. As stated above, the four year 
average summer concentration of HFo + HAc is 958 ng C m'3. Therefore, even if all of 
the ambient formaldehyde was incorporated into the mist chamber samples at Summit in 
2006, HFo and HAc would likely still dominate the WSOC mass concentration.
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CHAPTER 5
CONCLUSION
Measurements made at Summit during the summer of 2006 provide evidence for 
post-depositional processing of organic compounds in the snowpack. Large fim air 
concentrations suggest that the snowpack is a source of WSOCg- Comparison to 
previous measurements at Summit indicate that most o f the WSOCq may be comprised 
o f HFo and HAc, also suggesting that the flux of WSOC out o f the snow is likely 
dominated by these acids. The role of temperature induced gas-to-particle partitioning in 
the overall mass budget o f WSOC is unclear but is likely an important mechanism 
affecting the redeposition o f gas-phase compounds released from the snow under 
appropriate conditions, especially during fog events. Trends in the WSOCq, WSOCp, 
and WSOCss concentrations suggest that there likely exists cycling o f WSOC between 
the air and snow, with deposition occurring at night and emission occurring during the 
day. Future experiments that constrain the two-way flux of WSOC more thoroughly, 
ideally including speciation o f the major emitted and deposited compounds, are needed to 
better assess the post-depositional loss o f organic compounds from the snowpack at 
Summit.
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PART 2
SIMULTANEOUS MEASUREMENTS OF PARTICULATE AND GAS-PHASE 
WATER SOLUBLE ORGANIC CARBON CONCENTRATIONS 
AT REMOTE AND URBAN-INFLUENCED LOCATIONS
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CHAPTER 6
INTRODUCTION
Organic compounds are emitted by a wide variety of processes, both natural and 
anthropogenic, and include hundreds to thousands o f different types o f molecules existing 
in both the gas and particle phases (Kanakidou et al., 2005). O f particular importance is 
the fraction of organic carbon (OC) that is water soluble (WSOC). Water-soluble 
aerosols, including those dominated by organics, influence cloud formation and lifetime 
(IPCC, 2001). Depending on location and time of year, aerosol-phase WSOC (WSOCp) 
can account for between 20 and 80% of the total OC aerosol mass (Saxena and 
Hildemann, 1996; Jaffrezo et al., 2005; Sullivan and Weber, 2006; Kondo et al., 2007). 
In addition, a significant component of WSOCp is thought to be secondary organic 
aerosol (SOA) (Sullivan et al., 2006), which is formed from the gas-to-particle transfer o f 
the oxidation products of volatile organic compounds (Pankow, 1994). SOA production 
is not well characterized on a global scale but is thought to represent a large fraction of 
organic mass missing from global chemical transport models o f the free troposphere 
(Heald et al., 2005). Some water-soluble organic gases (WSOCq) also can affect droplet 
acidity, surface tension, and cloud condensation nuclei activation (Keene and Galloway, 
1988; Facchini et al., 1999; Limbeck et al., 2003)
Because of the large number o f organic species in the atmosphere, some o f which 
reside in multiple phases, a measurement o f WSOC that is comprehensive, phase-
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specific, and speciated is difficult. Pre-baked quartz filters are commonly used to collect 
aerosol OC. After sampling, the water soluble fraction is extracted manually and 
analyzed by a variety o f methods. Attempts to measure individual compounds on a 
molecular basis typically result in less than 15% of the total organic aerosol mass being 
identified (Decesari et al., 2006; Fisseha et al., 2006). Total organic carbon (TOC) 
analysis allows the total WSOC concentration to be quantified but yields no information 
about the types o f compounds that collectively constitute WSOC. Filter sampling times 
of several hours to days that are commonly employed limit the ability to provide details 
at finer temporal resolution. One method that is able to make real time measurements of 
WSOCp is the PILS-OC system (Sullivan et al., 2006). By making measurements on a 
short timescale (approximately several minutes), this technique is able to provide 
important information about the sources, transport, and processing o f particulate WSOC.
To our knowledge, no measurements o f WSOCq have been made, despite the fact 
that some water soluble compounds, such as certain carboxylic acids, are semi-volatile 
and partition between the aerosol and gas phases (Chebbi and Carlier, 1996). There have 
been measurements o f gas-phase and particulate organic acids, suggesting that gas-phase 
material constitutes a substantial fraction o f the total ambient WSOC budget (Dibb et al., 
1994). In order to gain a better understanding of the partitioning of bulk WSOC between 
the gas and particle phases, measurements of WSOCq and WSOCp were made at a 
variety of locations including remote (Summit, Greenland; Niwot Ridge, Colorado), 
urban (Houston, Texas), and urban influenced (Appledore Island, Maine (marine); 
Thompson Farm, New Hampshire (semi-rural)) sites. In this paper, measurements from
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these sites are presented and compared. In addition, diurnal trends in the partitioning of 
WSOC at the measurement locations are discussed.
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CHAPTER 7
METHODS
During 2005 and 2006, WSOC measurements were made during field 
experiments at five locations that represent a diverse set of remote, rural, urban, and 
marine influenced environments. Niwot Ridge, Colorado (40.05° N, 105.57° W), is a 
remote location situated at 4000 meters in the Rocky Mountains. Summit, Greenland 
(72° N, 38° W), is a remote Arctic location atop 3200 meters of glacial ice and hundreds 
of kilometers away from the sparsely populated coast. Appledore Island (42.97° N, 70.62° 
W) is a small, rocky island located 10 km off the coast of the eastern United States along 
the Maine-New Hampshire border. Thompson Farm (43.11° N, 70.95° W), a semi-rural 
New England site located 10 km inland from the New Hampshire coast, lies 20 km to the 
west of Appledore Island. Houston, Texas (29.72° N, 95.34° W), is a large metropolitan 
area that is also home to a high density of petrochemical facilities.
Mist chambers were used to collect WSOC in a small volume, ~ 30 ml, of 
ultrapure deionized (DI) water. Two measurement channels were used simultaneously, 
with sample collection times o f either 30 or 60 minutes. The longer interval was used 
when ambient concentrations were expected to be less than roughly 1 pg C m'3. The DI 
sample water was injected into the mist chambers using programmed syringe pumps. 
After the allotted sampling time, the sample water was drawn into a syringe pump and 
injected into a Sievers 800 TOC Analyzer (General Electric, Boulder, Colorado).
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Detection limits are based on the variability in the TOC signal o f the DI water used to 
collect samples, which was flushed continuously through the system between samples. 
Two times the standard deviation o f the mean TOC signal in the DI water is used as the 
detection limit, which corresponds to an ambient concentration o f ~50 ng C m ' .
Isolation o f WSOCq and WSOCp was achieved by manipulating the inlet 
configuration. WSOCg was measured by sampling through a Fluoropore Teflon® filter 
(Pall Life Sciences, East Hills, NY). Two methods were used to estimate WSOCp. The 
denuder method, in which an activated carbon denuder was used to remove WSOCg, 
allows for direct measurement o f WSOCp. A denuder removal efficiency must be 
assumed in this method. The difference method, where WSOCp was calculated from 
sample concentrations collected through an unfiltered inlet (WSOCiotai) minus those 
measured with a filtered inlet (WSOCg), provided an indirect measurement. In this 
paper, efforts to measure WSOCp by both methods are reported. More details on the 
sampling technique are given by Anderson et al. (2007).
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CHAPTER 8
RESULTS AND DISCUSSION
Water soluble gas-phase and particulate measurements at several sites
Concentrations o f WSOC varied significantly between locations (Table 8.1). The 
remote settings of Summit, Greenland, and Niwot Ridge, Colorado, showed similar mean 
concentrations for both WSOCg (0.67 pg C m ' 3 and 0.43 pg C m '3, respectively) and 
WSOCp (0.19 pg C m ' 3 and 0.24 pg C m"3, respectively), as shown in Table 8.1. The 
relatively low values for WSOCp are within the range o f values measured from aircraft in 
the free troposphere over northeastern North America (Sullivan et al., 2006). Samples 
were collected at Niwot Ridge during a short winter campaign that was dominated by 
strong, westerly flow. In this type o f synoptic pattern, air from the free troposphere 
descends to the sampling site (Greenland, 1989). A similar degree of isolation from 
emission sources is found at Summit during the summer season (Kahl et al., 1997; Stohl, 
2006).
Table 8.1 Mean and standard deviation for WSOC measurements made at five different 
locations.
WSOCG WSOCp 
mean (sd) mean (sd) fg
Location________________________ Sample period____________ # of samples pg C m~3 pg C m'3 mean (sd)
Appledore Island, Maine July2005 173/131 17.8(16.1) 1.4 (1.3) 0.93
Thompson Farm, New Hampshire October 2005 87 12.2(11.4) 2.3 (3.1) 0.88(0.06)
Niwot Ridge, Colorado January 2006 41 0.46(0.31) 0.24(0.18) 0.64 (0.23)
Houston, Texas August / September 2006 1337 9.29(7.2) 1.48(2.3) 0.86 (0.14)
Summit, Greenland______________ June 2006_____________________ 206 0.67(0.23) 0.19 (0.17) 0.78 (0.18)
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Appledore Island, Thompson Farm, and Houston are much closer to sources of 
anthropogenic organic compounds. As a consequence, WSOC concentrations are larger 
by an order o f magnitude than those at Summit and Niwot Ridge. The highest WSOC 
concentrations were measured at the rural sites of Appledore Island (mean values of 17.8
■j i
pg C m' and 1.4 pg C m' for WSOCg and WSOCp, respectively) and Thompson Farm 
(mean values of 12.2 pg C m ' 3 and 2.3 pg C m ' 3 for WSOCg and WSOCp, respectively) 
with slightly lower, although comparable, values in Houston (mean values of 9.3 pg C
■j ^
m' and 1.5 pg C m' for WSOCg and WSOCp, respectively). Finding similar 
concentrations o f WSOC at Thompson Farm and Appledore Island compared to Houston 
may at first seem surprising. However, Thompson Farm and Appledore Island are 
downwind of large urban areas in the eastern United States and large industrial centers in 
the Ohio River Valley and prevailing winds transport plumes of pollution to these sites 
(Fischer et al., 2006; Ziemba et al., 2007). The organic aerosol at Thompson Farm, in 
particular, is highly oxidized (Cottrell et al., 2007) and therefore very likely to be water 
soluble.
One consistent finding at all locations is that average WSOCq is always 
significantly larger than average WSOCp. The WSOCq concentrations are generally two 
to five times greater than those of WSOCp at both Summit and Niwot Ridge, indicating a 
significant pool of organic material available to partition to the particle phase given the 
appropriate conditions. The fractions o f total WSOC in the gas phase (fg) are smaller at 
Summit and Niwot Ridge than at the more temperate locations (Table 8.1). One potential 
reason for this is the closer proximity of the low altitude locations to anthropogenic 
sources o f volatile organic compounds (WSOC and precursors). In addition, less aged air
40
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
masses impacting the semi-rural and urban location would have had less time for 
WSOCg to be removed by precipitation scavenging and/or partitioning to the aerosol 
phase. Lastly, colder temperatures at Summit and Niwot Ridge may result in the 
partitioning o f WSOC to the particle phase.
Diurnal variability of WSOCr: and WSOCp 
In Houston, the concentrations of WSOC in both the aerosol and gas phase varied 
by nearly an order o f magnitude on a timescale o f several hours (Figure 8.1). This was 
due in part to transport from the Gulf o f Mexico that intermittently brought air masses 
nearly as clean as those impacting the high altitude stations. The concentrations also are 
influenced by a wide variety o f local sources as is evidenced by the relatively high 
concentrations observed during the sampling period. In addition to these 
meteorological/emissions driven changes in concentrations, phase-partitioning of WSOC 
between the gas and aerosol, based on an observed diurnal cycle with peaks in fg in early 
afternoon and minima around midnight (Figure 8.1), likely affects phase-specific 
concentrations.
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Figure 8.1 A time series of WSOCq, WSOCp, and fg in Houston, Texas.
Similar trends in WSOC partitioning were observed at Summit, Greenland 
(Figure 8.2), during a six-week campaign. Measurements during late June display 
consistent minimum fg values at night and early morning (a few hours later than in 
Houston in local solar time). Coincident decreases in WSOCg and increases in WSOCp 
occur on four out o f the five nights shown. These events are correlated with temperature, 
and it is likely that gas-to-particle partitioning of WSOC, modulated by exchange of 
WSOCg between the air and surface snow, is responsible for the observed trends 
(Anderson et al., 2007). It is probable that a combination of decreased temperature and 
increased relative humidity (RH) (which dictates the amount of condensed water that is in 
the particles) during the nights favors particulate phase WSOC. In fact, during the 
sampling days, the day time RH was typically 60%, while nocturnal values were often 
greater than 90%. It is difficult to verify the RH dependence of phase partitioning 
because chemical composition information for the WSOCq is not available.
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Figure 8.2 A time series o f WSOCg, WSOCp, and fg at Summit, Greenland.
The Houston and Summit observations show that in both remote and densely 
populated regions, the gaseous fraction dominates WSOC. Further, the values of fg vary 
substantially with a similar diel pattern at both sites on several days. The larger 
amplitude o f the daily variation of fg at Summit (up to 70%) compared to Houston 
(maximum on the order of 40%) may reflect the lack of local sources influencing 
Summit, Greenland, as well as the more consistent day-to-day meteorology of the site. It 
appears that a large part of the diurnal variation in fg at Summit reflects temperature 
and/or RH-driven gas to particle exchange. In contrast, Houston is subject to a wide 
range of local sources of organic gases and particles and much more diverse 
meteorological conditions. However, it appears gas/particle partitioning o f WSOC may 
still be important in modulating fg. Overall, this research indicates a relatively large 
reservoir o f WSOCq is available across urban and rural locations. This material may play 
a significant role in determining the concentrations o f particulate organic carbon.
43




R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
A new method that is able to make automated, precise measurements of water 
soluble organic carbon (WSOC) at very low concentrations was developed. By 
collecting samples from two inlets of different configuration, the first concurrent 
measurements of gas-phase WSOC (WSOCg) and particle-phase WSOC (WSOCp) were 
made, providing valuable information regarding the phase partitioning o f WSOC.
Data collected during five different field campaigns illustrate WSOC 
concentrations in urban, rural, marine, and remote locations. By being conducted at high 
temporal resolution (intervals of 30 to 60 minutes), these observations provide insight 
into the sources, sinks, and diurnal patterns of WSOCg and WSOCp. At all field 
locations, significant levels of WSOC were measured. For the five field locations, 
average total WSOC concentrations ranged over three orders o f magnitude from 0.70 pg 
C m' at Niwot Ridge, Colorado, to 19.2 pg C m' at Appledore Island, Maine. Data 
show that WSOCg concentrations are significantly larger than WSOCp concentrations at 
all locations where measurements were made. This finding suggests that a large amount 
of organic material can enter cloud droplets or aerosols containing liquid water under 
appropriate conditions.
The influence o f WSOCg on aerosol processes also is suggested by the 
observation from both Houston, Texas, and Summit, Greenland, o f nighttime gas-to-
45
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
particle partitioning. On several consecutive nights at both locations, the fraction of 
WSOC in the gas-phase (fg) exhibited a distinct nighttime minimum followed by a 
daytime maximum. Temperature appears to be an important factor influencing 
partitioning.
The large relative concentrations of WSOCq and the gas-particle partitioning 
occurring in both urban and remote locations are important for the overall cycling of 
organic compounds in the atmosphere. Understanding the formation, phase partitioning, 
and lifetime of WSOC is necessary to assess more accurately interactions between 
WSOC and clouds and evaluate the climate influence o f organic aerosol.
Through laboratory tests and field experiments at Appledore Island, Maine, 
Thompson Farm, New Hampshire, and Niwot Ridge, Colorado, measurement of WSOC 
concentration data at high temporal resolution, at very low ambient concentrations, and in 
both the gas and particle phases was achieved. These three field locations provided the 
opportunity to validate the system performance and adjust collection and analysis 
techniques. Future work must continue to refine this system. In the future, data collected 
using the mist chamber system should be compared to that collected with other existing 
co-located techniques used to measure WSOCp such as the PILS-TOC and quartz-filter- 
based collection followed by extraction. This will provide evidence that the mist 
chamber system collects and measures the same compounds as the other methods, in 
addition, laboratory studies should be performed to examine the collection efficiency of 
the mist chambers for various water-soluble compounds. A few specific gas-phase 
compounds, soluble and insoluble, should be tested to ensure that only water-soluble 
compounds are collected. More importantly, organic aerosols over a range of solubility
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should be tested. Assessing the types of aerosol compounds that are collected efficiently 
is an important step in linking measured WSOCp to cloud-associated climate effects 
because the degree of solubility necessary for collection in a mist chamber is not 
necessarily the same as that needed to act as a cloud condensation nuclei. An additional 
important future goal should be the chemical characterization of the organic compounds 
collected with the mist chamber WSOC system.
Five field experiments allowed for WSOC concentrations from a wide variety of 
locations to be measured and compared. The datasets from the five field locations 
provide a representative cross section o f WSOC values, from urban to remote. While 
future field campaigns in additional locations would help to characterize the global 
distribution o f WSOC concentrations further, follow-up experiments with a more specific 
focus also would be useful. For example, additional measurements at Summit, 
Greenland, would help investigate the mass balance of organic compounds between the 
snow and air when coupled with additional measurements. Measurement o f particle size 
distributions and WSOC would allow an investigation o f how WSOC contributes to the 
growth of submicron aerosol mass during periods o f gas-to-particle partitioning. 
Additionally, the collection and analysis o f snowfall and depositing fog would aid in 
understanding the extent to which wet deposition removes WSOC from the air. These 
data when used with measured boundary layer conditions, would allow for a more 
accurate mass balance model to verify the impact of WSOC and the observed gas-to- 
particle partitioning on the cycling o f organic compounds between the air and snow at 
Summit, Greenland.
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The WSOC data presented here represent first of their kind measurements. 
However, there are many areas o f atmospheric chemistry that will benefit from 
application of this technique. Organic aerosol formation, aerosol-cloud interactions, and 
the cycling o f organic mass through the atmosphere, hydrosphere, and biosphere are all 
topics of scientific importance that involve water-soluble organic compounds. The 
experiments completed to date provide an example o f the value o f this method and 
provide impetus to investigate further the role o f WSOC within the atmosphere.
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